No method has been reported for measuring CBF, repeatedly and noninvasively, in the rat brain. A new method is described, which is noninvasive to the brain, skull, or cervical large vessels. Two pairs of co incidence detectors were positioned, one over the rat brain and the other at the loop of a catheter inserted into the femoral artery. The coincidence head curve and ar terial curve were recorded after intravenous injection of 1-[IIC]butanol in IS rats. CBF was calculated by one compartment curve fitting (CBFo) from I-min data and with the recirculation corrected height/area method from 3-min data (CBFh . 3min) and S-min data (CBFh . Smin). CBFo agreed well with CBFh . Smin, although a slight overestimation was observed in CBFh . 3min. The
The desirability of establishing a method by which CBF in the rat brain can be measured re peatedly and noninvasively is obvious. Determina tions of CBF in rats have been made by various methods which can be classified into two groups. The first group includes the indicator fractionation technique (Schaefer et al., 1976; Gibson and Duffy, 1981; Ginsberg et al., 1981a-d; Sage et al., 1981) , direct tissue counting (Ekl6f and Siesj6, 1973; EklOf et al., 1974; Matsumoto et al., 1975; Gjedde et aI., 1980; Horton et al., 1980; Ginsberg et al., 1982) , the autoradiographic technique (Sakurada et al., 1978; Lear et al., 1981) , the microsphere method (Pannier and Leusen, 1973; Gjedde et al., 1977) , and auto radiographic strategy (Ginsberg et al., 1981b) . In these methods, the rat must be sacrificed after each study, and measurements cannot be repeated in the same rat. The second group includes the clearance method (Haining et aI., 1968 (Haining et aI., ,1970 EklOf et aI., 1973; Norberg and Siesj6, 1974; Nilsson, 1974; Gjedde et aI., 1975) , thermal diffusion (Leatherman and Bean, 1967) , and direct outflow measurement (Hardebo and Nilsson, 1979) . Insertion of elec trodes or sensors into the brain, or cannulation into the cerebral venous sinus or cervical large vessels, is involved in these methods. These procedures themselves may induce an alteration in CBF and metabolism (Matsumoto et al., 1975; Gjedde et al., 1977) , and therefore the results obtained may not reflect a physiological state.
Recent technical developments by Lockwood and Kenny (1981) have made it possible to make a rapid serial measurement of rat brain radioactivity following the administration of positron-emitting isotopes by means of a coincidence detection circuit and very narrow collimation. Application of chem ical techniques has made possible the labeling of freely diffusible flow tracers such as butanol (Ko thari et aI., 1983) and iodoantipyrine (Campbell et aI., 1981) with positron emitters. The availability of these techniques has encouraged us to develop a new method for measuring CBF repeatedly in the rat without invasion of the skull, brain, or cervical vessels. Two coincidence detection circuits were used in our system, one for measuring the head curve and the other for the arterial concentration curve.
The purpose of this article is to establish the method by which CBF in the same rat can be mea sured noninvasively in the brain by a clearance method after intravenous injection of [iiC] butanoI. It is possible to repeat the measurement after decay of the radioisotopes. To evaluate our method, Paco2 was changed artificially and the effect of Paco2 on CBF observed.
MATERIALS AND METHODS

Animal preparation
Male Wistar rats (I5) were provided with food and water ad libitum until the experiment. Anesthesia was induced with ethyl ether; the animals were tracheostom ized, paralyzed with tubocurarine (7 mg/kg i.p.), and ar tificially ventilated (tidal volume 3.1 ml, 58 breaths/min) with 33% oxygen-67% nitrous oxide by a mechanical ventilator. Body temperature was maintained at 37°C with an automatic heating blanket coupled to a rectal probe (Yellow Springs, OH, U.S.A.). The right femoral artery was cannulated with a polyethylene tube (PE50) for mea suring arterial radioactivity, anaerobic removal of blood for Paco2, Pao2, and pH determinations (Corning model 165/2 pH/blood gas analyzer), and blood pressure recording (Micro Switch, 142PC056) . The blood drawn for the measurement of radioactivity was reinfused after each study, resulting in a loss of <0.28 ml of blood for each arterial gas measurement. P aco2 was changed by adding carbon dioxide to the inspired air or by hyperven tilation. The right femoral vein was also cannulated with a PE50 tube for the injection of radioactive tracers and other drugs. In six rats, an arteriovenous shunt was made between the catheters placed in the right femoral artery and vein to measure the arterial curve for 5 min without lowering the blood pressure.
A loop was made in the arterial tube, at which a pair of detectors was positioned for coincidence counting. The length of the tube between the site of the femoral artery cannulation and the point entering the loop was adjusted to 40 cm.
The equipment for fixing the rat brain and the detector system has been described in detail by Lockwood and Kenny (1981) . A standard stereotaxic head holder (David Kopf, model 900; Tu junga, CA, U.S.A.) equipped with 3.5-cm offset earbars and a riser block was selected to provide a rugged means for securing each rat. The offset J Cereb Blood Flow Metabol, Vol. 4, No. 2, 1984 earbars raise the animal above the structural elements of the frame and simplify the placement of collimators. The skin and the temporal muscle of the rat were removed. The coincidence collimation zone with this positioning system has been described by Lockwood and Kenny (1981) . The rejection rate for events that occurred outside the collimated zone was very high.
Detectors
Two cyclindrical bismuth germanium oxide crystals measuring 2.5 cm in height and diameter, equipped with RCA 4885 photomultiplier tubes and voltage dividers, were obtained from the Harshaw Chemical Co. (Solon, OH, U.S.A.) and used to measure the brain clearance curve. The crystals were shielded with lead (3.7 cm min imum) on all sides. Another two NaI crystals measuring 4.4 cm in height and 2.5 cm in diameter, equipped with RCA 6655A photomultiplier tubes and voltage dividers, were obtained from Harshaw Chemical Co. and posi tioned at the loop of the arterial catheter to measure the arterial curve. These NaI crystals and the loop were shielded with 5 cm of lead. A Power Designer model 1570 high voltage supply (Westbury, NY, U.S.A.) was used.
The photomultiplier amplifiers (model 612AM), discrim inators (model 620BL), and coincidence logic units (model 622) were purchased from LeCroy Research Sys tems (Spring Valley, NY, U.S.A.). Signals from the paired discriminators were processed by the coincidence logic circuit in the AND mode to yield the total coincidence count rate, recorded by an EG&G Ortec model 772 counter (Oak Ridge, TN, U.S.A.). The signal from each discriminator was also processed by a circuit and re corded by a counter to yield the single-photon count rate for each crystal. Pulse shaping by the coincidence logic circuit is required to make the output of the discriminator compatible with the counters. An Ortec model 776 timer counter was used as a master to the model 772 slaves. Data from the counters were acquired automatically via a SY M model 1 microprocessor, and a Perkin-Elmer 3220 digital computer (Perkin-Elmer, Norwalk, CT, U.S.A.) was used for data analysis.
Radiopharmaceuticals
The synthesis of 1_[1 IC]butanol has been described pre viously (Kothari et aI., 1983) . Briefly, [lIC]carbon dioxide produced via a 14N(p,a)11C reaction was distilled into a reaction vessel equipped with a stoppered side arm and a stirring bar kept at -178°C using liquid nitrogen. To this vessel 0.4 ml 1 M I-propylmagnesium bromide and 0.5 ml 1 M ethereal solution of lithium aluminum hydride were added sequentially. The reaction was terminated by saturated aqueous potassium chloride solution, and bu tanol was extracted with ether. The specific activity of the [11C]butanol was 25 ± 8 mCi/fJ.mol at the time of delivery and corrected to the end of bombardment.
Determination of withdrawal rate and correction of arterial curve
Arterial blood samples are drawn through a PE50 cath eter which can cause distortion of the shape of the arterial curve. Therefore, studies were performed to determine the smearing characteristics of the catheters and the de tecting system for various flow rates and hematocrit values in order to determine the optimal withdrawal rate. A step function change in the concentration of the isotope was introduced into the catheter as described by Reivich et al. (1969) . A section of catheter, approximately IS cm longer than the length to be investigated (40 cm), was attached to the loop with the other end in a beaker of blood. At a point 15 cm from the end, the catheter was placed under the surface of blood containing [18Flfluoride as NaF. As the nonradioactive blood was being drawn through the catheter, the radioactive blood was intro duced without an intervening air bubble by cutting the catheter at the 15-cm point. The results of this experiment are shown in Fig. 1 . Theoretically, two factors can con tribute to this response curve: a smearing effect of the catheter and taking a mean concentration from the por tion of the catheter facing the detectors. We can correct both factors at the same time, hence it is not necessary to distinguish between them. These response curves were stable with changes in the hematocrit when the flow rate was 0.74 ml/min or less. At a flow rate of 1.2 ml/min, the response of the detection system to a step function varied when the hematocrit was changed. We decided to set the withdrawal rate at 0.74 mllmin for the reason described above. Another pilot study on the rat showed that blood pressure decreased by only 3.4% when blood was withdrawn at a rate of 0.74 mllmin for 1 min. These response curves were faster than those reported by Reivich et al. (1969) , who took 0.04-ml samples every 6 s by periodic sampling. The slowness of their response curve might be explained by the residual blood in the bore of the stopcock in their system.
The transfer function of the detection system was ob tained by deconvolution between the step function input and the response curve. The smearing effect of the arte rial tube was corrected by performing deconvolution (Skarsgard et aI., 1961) between the observed arterial curve and the transfer function of the smearing effect.
Measurement of CBF
Radioisotopes were dissolved in 0.5 ml of saline and injected in a bolus intravenously. Arterial blood samples were withdrawn into the detectors at a steady flow rate of 0.74 ml/min by an infusion-withdrawal pump (Harvard Apparatus, Model 907) or manually. Count rates of the brain and artery were recorded every 2 s for 1.5, 3.5, and 5.5 min in six, three, and six rats, respectively. The smearing effect of the arterial tube was corrected by de convolution, as described above. In six rats in which an arteriovenous shunt was made, the flow rate in the shunt was checked by measuring the arrival time of blood after opening the circuit. An arterial gas study was performed during each experiment, and the hematocrit and MABP were measured after all experiments.
Two strategies for calculating CBF were employed for the same data, and their results were compared: (1) One compartment curve fitting was done on all data (n = 15).
(2) To assess the ability of one-compartment curve fitting to calculate an accurate CBF the recirculation corrected height/area method, developed by Namon et al. (1982) and modified by us, was used in nine rats.
One-compartment curve fitting was done by assuming that clearance is monoexponential. The operational equa tion is as follows:
where Ci and Ca represent the time courses of coinci dence count rates from the brain and arterial detectors, respectively,! is the CBF in unit brain tissue (mllg min), A is the blood-brain partition coefficient for the tracer, a is the decay constant of "C, and A is a proportionality factor. The brain-blood partition coefficient for butanol was assumed to be 0.77 mllg (Gjedde et aI., 1980) , and constant A need not be determined. A family of curves of the form with various I values was synthesized. These curves, as well as the Ci(t) curve, were normalized between start and end fitting times. The sums of the squares of the differences between these normalized synthetic head curves and the normalized observed head curve were cal culated for all I values. After this, the I value that had the least sum of squares of differences was selected as the CBF value. The start and end fitting times were at peak + 0.7 s and peak + 60.7 s, respectively.
To test the validity of one-compartment curve fitting, we also calculated CBF by the already established recir culation corrected height/area method of Namon et al. (1982) . We modified their equation to be applicable to the experiment with the short-life isotopes. Our operational equation was as follows:
where Tis 0.7 s after the peak time of the head curve and z is 180.7 s (n = 9) or 300.7 (n = 6) s. Data obtained from rats with pH less than 7.1, P a02 < 60 mm Hg, or MABP < 80 mm Hg were discarded. All the data were evaluated with Student's t test, and a dif ference between mean values with a possible error of �5% was considered statistically significant.
RESULTS
CBF by one-compartment curve fitting
Since there was no difference in CBF values and in the other parameters in rats with and without an arteriovenous shunt, all the animals were consid ered to be in the same group. Figure 2 shows the actual arterial and head curves recorded after intra venous administration of ["C]butanol. CBF values calculated by one-compartment curve fitting (CBFo) were 0.88 and 2.41 ml/g min. The head curve for a rat with a CBFo of 2.41 is far steeper than that for one with a CBFo of 0.88. Table I shows the CBFo in hypocapnic, normocapnic, and hyper capnic groups. In the normocapnic group (Paco2 33-40 mm Hg), the mean value of CBFo was 1.76 ± 0.49 mllg min (mean ± SD) and the mean value of Paco2 was 36.7 ± 2.3 mm Hg. In the hypocapnic group (Paco2 26-33), mean CBFo was 0.97 ± 0.18, with a statistically significant difference (I = 3.00,
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2 3 p < 0.02) from that in the normocapnic group. In the hypercapnic group (Paco2 49-65), mean CBFo was 2.83 ± 0.75, which was statistically signifi cantly higher than that in the normocapnic (I = 2.86, p < 0.02) and hypocapnic groups (t = 4.78, P < 0.005). Figure 3 shows a relationship between CBFo and Paco2 in 15 rats. There is a positive correlation be tween CBFo and Paco2 (r = 0.88, P < 0.0001), and the regression line of CBFo (y) versus Paco2 (x) is y = 0.0629x -0.715.
Comparison of one-compartment curve fitting and the recirculation corrected height/area method Figure 4 shows a relationship between CBFo and CBF measured by the recirculation corrected height/area method from the first 3-min data (CBFh . 3min, n = 9) and from the first 5-min data (CBFh . 5min, n = 6). The CBFh . 5min agreed with the CBFo very well, and the correlation coef ficient between them was 0.996 (p < 0.0001). The regression line of CBFh . 5min (y) versus CBFo (x) was y = 1.117x -0.202. Although a slight over estimation of CBFh . 3min is obvious, there is still a good linear relationship between CBFo and CBFh . 3min with a correlation coefficient of 0.990 (p < 0.0001). The regression line of CBFh . 3min (y) versus CBFo (x) is y = 1.213x -0.220. Our study was the first to use [1'C]butanol as a flow tracer in rats. This tracer meets our require ments well; that is, it is a positron emitter and a 2. A typical time-activity curve for arterial blood and brain after the introduction of ["C]butanol. For the rat with the higher CBFo (right), the head curve is steeper than that for the rat with the lower CBFo (left) . The heights of these curves were different because of changes in the sensitivity of the detectors. freely diffusible tracer, and it can be injected intra venously. The necessity for a freely diffusible tracer is obvious and need not be mentioned. One of the major advantages of using a positron emitter as a flow tracer is strict collimation and the ability to exclude scattered radiation. Many flow tracers have been labeled with positron emitters. However, only [IIC]butanol and [llC]iodoantipyrine fulfill our re quirements.
[IIC]Iodoantipyrine has been synthesized in our laboratory (Campbell et aI., 1981) . It is technically difficult, however, to obtain a high enough yield of [IIC] iodoantipyrine that is suitable for external counting (Ginsberg et aI., 1981d) . Abdul-Rahman et ai. (1979) have been due to the limitation of ditlusion. Van U itert et al. (1981) confirmed this, reporting limited extraction of [14C]iodoantipyrine at flow rates > 1.8 ml/g min, although the extraction of butanol was found to be virtually complete. Recently, a method was developed to synthesize [l1C]butanol in high yields (Kothari et aI., 1983) .
[l4C]Butanol (Schaefer et aI., 1976; Gjedde et aI., 1980; Sage et aI., 1981; Irwin and Preskorn, 1981) and eH]butanol (Van Vitert et aI., 1981) have been used successfully as flow tracers in rats, and [IIC]butanol has been used in human studies (Raichle et aI., 1983) . Although the extraction fraction of butanol decreases (Sage et aI., 1981; Irwin and Preskorn, 1981) at very high flow rates, this can be explained by the increased washout of butanol (Sage et aI., 1981) . Therefore, we consider butanol a freely diffusible tracer.
The method for CBF measurement
There are no methods by which repeated mea surements of CBF in rats can be obtained by non invasive means. By "noninvasive" we mean not invasive to the brain, cerebral sinus, or cervical large vessels. CBF in rats has been measured by a large number of different methods, which can be classified into two broad categories. The first group consists of the methods by which CBF can be mea sured accurately but in which repeated measure ments cannot be done. This group includes the in dicator fractionation technique (Schaefer et aI., 1976; Gibson and Duffy, 1981; Ginsberg et aI., 1981a-d; Sage et aI., 1981) , direct tissue counting (Ek16f and Siesjo, 1973; Ek16f et aI., 1974; Matsu moto et aI., 1975; Gjedde et aI., 1980; Horton et aI., 1980; Ginsberg et aI., 1982) , microsphere methods ( P annier and Leusen 1973; Gjedde et aI., 1977) , and autoradiographic methods (Sakurada et aI., 1978; Lear et aI., 1981) . Some representative results from these methods are listed in Table 2 . The second group consists of methods by which CBF can be measured repeatedly but in which the measurement is not accurate for some reason. In the hydrogen clearance (Haining et aI., 1968 (Haining et aI., ,1970 and thermal diffusion (Leatherman and Bean, 1967) methods, minimal injury to the brain due to inserted elec trodes is not unusual and must be a factor in dis turbing the local physiological and biochemical state (Matsumoto et aI., 1975) . In the 133Xe intra carotid injection method (Hertz et aI., 1977) and in whole-brain blood flow measurement with trans-verse sinus cannulation (Nilsson, 1974; Gjedde et aI., 1975) , CBF may be disturbed by insertion of the catheter itself or by contralateral compression of the transverse sinus in the latter method. The method described here enables us to measure physiological CBF in rats repeatedly and noninva sively in the brain. To validate our one-compart ment curve fitting method, three steps were em ployed:
(1) To validate the calculation method for one compartment curve fitting from peak + 0.7 s to peak + 60.7 s, the results were compared with an already established calculation method, i.e., Na mon's method (1982) .
(2) To validate our method as a whole (including the detection system), our results were compared to the first group of the already established methods described above.
(3) To test a new method's ability to assess ex pected changes caused by a stimulus, we used a physiological stimulus, a change in Paco2, whose quantitative effect has been found to be relatively predictable and reproducible in many species.
In step I CBFo had a good correlation with CBFh . 5min. This indicates that one-compartment curve fitting results in an accurate CBF value since the recirculation corrected height/area method is known to give an accurate CBF value. It must be noted that the measurement time in curve fitting is shorter than that in N amon's method (N amon et al. , 1982) , which makes it easier to do one-compartment curve fitting. In step 2, our data were compared with those of the first group of already established methods. In the direct tissue counting method, Gjedde et ai. (1980) reported a flow value for whole brain of 1.29 ± 0.07 mllg min with a Paco2 of 33 ± 2 mm Hg, which is almost the same value obtained in our study. EklOf et ai. (1974) and Matsumoto et ai. (1975) reported values lower than ours using [14C]ethanol or 133Xe.
In indicator fractionation techniques using io doantipyrine (Gibson and Duffy, 1981; Ginsberg et aI., 1981d) or butanol (Schaefer et aI., 1976) , the flow values are the same as (Gibson and Duffy, 1981) or slightly lower than (Schaefer et aI., 1976; Ginsberg et aI., 1981d) our data. Sage et ai. (1981) showed that the extraction of butanol is not 100% even 5 s after intravenous injection, as a result of rapid clearance from the brain. They corrected the normal values by the extraction fraction. From Fig.  3 of their report, CBF was about 1.7 mllg min when P aco2 was 40 mm Hg, which is almost the same as our data. A progressive underestimation with an in creasing flow rate occurs if correction for the limi tation of diffusion (iodoantipyrine) or washout of the tracer (butanol, iodoantipyrine) is not done. This may contribute to the difference between our data and the reported data (Schaefer et aI., 1976; Ginsberg et aI., 1981d) .
In the autoradiographic method, the regional CBF value can be obtained (Sakurada et aI., 1978) . Reported values for large regions such as cortical gray matter (flow 1.39-2.05), thalamus (1.39-1.60), and caudatus putamen (1.37) in rats with normal Paco2 are in the same range as our results. From this discussion, it is concluded that our results are in the same range of those of previous studies which measured the physiological blood flow with flow limited tracers.
In step 3, to evaluate further, we used a change in P aco2, the quantitative effect of which has been found to be relatively predictable and reproducible in many species, to test the new method's ability to assess expected changes from that stimulus. In using a P aco2 change to produce changes in CBF, it seemed reasonable to choose values at the ex tremes of variations that might occur under physi ological stress and not to employ extremes which result in indeterminate secondary effects or are be yond those attainable by a physiological situation. For Paco2, this range probably extends from 15-30 mm Hg to 60-70 mm Hg (Reivich, 1964; Harper and Glass, 1965; James et aI., 1969; Sage et aI., 1981) . This range includes the straight-line portion of the curves published by many investigators for CBF versus Paco2 in a variety of animals. For this reason the CBF values in rats with Paco2 more than 65 mm Hg were not included in our study.
A good correlation between CBF and P aco2 was observed in our study, indicating that this new method can assess the expected changes in CBF from changes in Paco2. CBF increased by 0.063 mIl g min with every I-mm Hg increase in Paco2• Al though the observed acidosis in the hypercapnic group might affect CBF, our CO2 reactivity was similar in magnitude to that reported by Irwin and Preskorn (1981) or slightly higher (Schaefer et aI., 1976) or lower (Gjedde et aI., 1977; Sage et aI., 1981) than the reported values.
A few points must be discussed. At first, we as sumed that the field observed consisted of homo geneous tissue in regard to CBF, although there must be a fast flow (usually a gray matter flow) and a slow flow (usually a white matter flow). In rats, the brain consists mainly of gray matter. Since a one-compartment curve fitting gives the weighted mean value of fast and slow flows, the relative lack of white matter in rats makes the estimated mean flow values closer to the gray matter flow values.
Another point concerns extracerebral contami nation. Temporal muscle and skin were removed in our study, and the coincidence detectors had a strict collimation. However, extracerebral contamination from the cranium cannot be neglected. This results in an underestimation of CBF, which must be taken into account in evaluating CBF with drugs or pro cedures which may have an effect on extracranial blood flow.
Finally, the SD values of CBF in normocapnic and hypercapnic rats were rather high. We think that the main cause of these large SD values is the variation in Paco2 in each group. Another cause, such as the difference in hematocrit, might play a role in the large SD value.
Application of our method
Several possible applications can be considered. Less than 0.28 ml of blood is lost in each study, as described in Materials and Methods. Repeated mea surements can be obtained if the remaining activity is low enough or corrected, permitting activation studies and studies on the effect of various drugs and procedures. An interval of �80 min between two measurements is necessary for this purpose. Because of the technical difficulty of maintaining the physiological status in rats constant for 80 min, a study of reproducibility was not done.
We would like to stress that the most important and unique application of this method is the study using several different isotopes. The studies in prog ress in our laboratory include serial injection of 150_ labeled water and [IlC]butanol to measure the water extraction fraction (Takagi et aI., 1983a) , and serial injection of ISO-labeled red blood cells and [1lC]butanol to measure the oxygen extraction frac tion (Takagi et al. 1984) . We have already developed the theories on which these measurements are based (Takagi et aI., 1983a, b) .
